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While organic semiconductors used in polymer:fullerene photovoltaics are generally not intentionally
doped, significant levels of unintentional doping have previously been reported in the literature. Here, we
explain the differences in photocurrent collection between standard (transparent anode) and inverted
(transparent cathode) low band-gap polymer:fullerene solar cells in terms of unintentional p-type doping.
Using capacitance/voltage measurements, we find that the devices exhibit doping levels of order 1016 cm23,
resulting in space-charge regions ,100 nm thick at short circuit. As a result, low field regions form in
devices thicker than 100 nm. Because more of the light is absorbed in the low field region in standard than in
inverted architectures, the losses due to inefficient charge collection are greater in standard architectures.
Using optical modelling, we show that the observed trends in photocurrent with device architecture and
thickness can be explained if only charge carriers photogenerated in the depletion region contribute to the
photocurrent.
T
he record power conversion efficiency (PCE) achieved by polymer:fullerene solar cells has increased con-
siderably in the past 4 years to a record published value of 9.2%1 for a single bulk heterojunction and
efficiencies of 10.6% for tandem solar cells2. This is despite the fact that organic semiconductors are known
to be both structurally and electronically disordered, have lower dielectric constants inhibiting separation of the
photogenerated excitonic species and have charge carrier mobilities orders of magnitude lower than inorganic
semiconductors.
Whilst charge mobilities are low in organic semiconductors and collection losses have been shown to limit the
fill factor (FF)3–5 and short circuit current density (JSC)6–10 of certain devices, low mobilities do not necessarily
prevent devices from performing efficiently. However the lower charge mobilities and diffusion coefficients in
organic semiconductors do mean that diffusion alone is insufficient for charge carrier collection and drift must
account for a large proportion of the generated photocurrent. Additionally, polymer:fullerene solar cells are not
intentionally doped like their inorganic counterparts or like many small molecule solar cells11 and therefore rely
on selective contacts and the difference in work function between electrodes for efficient charge collection.
However, several studies have found evidence for unintentional doping12–19 and discussed the consequences
for device behaviour6,20–30. Whilst the origin of this doping is unclear15, its effects on photovoltaic performance
can be substantial; however many recent analyses of device performance neglect doping8,31–33 despite the fact that
the influence of doping and the electric field on charge carrier collection is well known for a long time34 and well-
studied for instance in the field of quantum dot photovoltaics35,36.
In this paper, we address the importance of non-uniform electric fields within organic photovoltaic devices and
the impact of this upon device performance. The field distribution in such devices is often described in terms of a
metal-insulator-metal model, where charge on the metallic electrodes results in the generation of relatively
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of one polarity of charge carrier within the active layer of a device.
Such net space-charge can be caused by electronic or chemical dop-
ing6,25 or unequal charge carrier mobilities37. For sufficiently high
space charge densities in sufficiently thick devices, the active layer
thickness exceeds the width of the depletion region, leaving a field-
free, neutral region through which minority carriers must diffuse. In
the depletion approximation the width of the depletion region w in a







where e0 is the dielectric constant of the vacuum, er is the relative
dielectric permittivity of the semiconducting material, VBI is the
built-in voltage, q is the elementary charge and NA is the net doping
density. For the typical mobilities, charge carrier lifetimes and thick-
nesses of organic solar cells, charge collection by diffusion in a region
of low electric field is less efficient then drift-driven collection in a
space charge region. This has been shown before by numerical simu-
lations38 and can be rationalized by considering typical drift and
diffusion lengths. If we take a simple example of a device with thick-
ness d 5 100 nm and built-in voltage VBI 5 1 V, then a mobility-
lifetime product mt 5 10210 cm2/V would lead to a drift length Ldr 5
mtVBI/d 5 100 nm at short circuit, such that 1-e21 5 63% of charges
would be collected according to the Hecht-equation39. At the same
time, the diffusion length for the same mobility-lifetime product,





Charge collection from the neutral region is further inhibited by
the fact that the lifetimes of minority carriers scale inversely with the
density of majority carriers. For a p-type semiconductor, the higher
density of holes in the neutral region than in the depletion region
results in a reduction in electron lifetime t and hence in the mt-
product within the neutral region. Consequently, the diffusion length
in the neutral region is even smaller than would be expected on the
basis of the mt-product for the space charge region. In the case of a p-
type device the depletion region (high electric field) forms at the
cathode and the neutral region (low electric field) at the anode,
meaning that minority carriers generated near the anode are harder
to collect than those generated near the cathode.
Results
As a model system to investigate the effects of space-charge we
consider standard (transparent anode) and inverted (transparent
cathode) bulk heterojunction solar cells made from a low band gap
conjugated polymer poly[2,6[4,8-bis(2-ethyl-hexyl)benzo [1,2-b;4,5-
b9]dithiophene-co-2,5-thiophene-co-4,7[5,6-bis-octyloxy-benzo
[1,2,5]thiadiazole]-co-2,5-thiophene] (PBDTTBTZT)40, whose
structure is shown in Figure 1, blended with [6,6]-phenyl-C71-
butyric acid methyl ester (PC71BM). The polymer PBDTTBTZT
was selected as a promising donor polymer that has previously
exhibited good device efficiencies when blended with PCBM40, and
which can easily be fabricated with a variety of layer thicknesses due
to its versatility and ease of blade coating. Devices with the layer
structure ITO/PEDOT:PSS/PBDTTBTZT:PC71BM/Ca/Al (standard)
and ITO/ZnO/PBDTTBTZT:PC71BM/PEDOT:PSS/Ag (inverted),
both with an active layer thicknesses of 330 nm, were studied with
light and dark current density-voltage (J-V) and external quantum
efficiency (EQE) measurements.
Figure 2 shows the corrected photocurrent curves of standard and
inverted devices measured into far reverse bias, calculated by sub-
tracting the J-V curve obtained in the dark from that under 1 sun
illumination. The inset shows the J-V curves of both devices in the
power generating quadrant. The J-V curves exhibit large differences
in the short circuit current density (JSC) and the fill factor (FF) due to
a large linear region in the J-V curve of the standard device between
26 and 10.7 V. J-V curves of devices fabricated from the same
solution but with thinner active layers of approximately 100 nm
are shown in Figure S1 in the Supporting Information. In contrast
to the results obtained on the thick devices, these devices show a
much smaller discrepancy in JSC and FF between normal and
inverted structures. Additionally, external quantum efficiency spec-
tra of the thick devices shown as points in the EQE plots of Figure 3
indicate considerable differences in both the magnitude and the
wavelength dependence of photocurrent generation, whilst the
absorption spectra of the completed devices without metal contacts
(Supp. Inf. Figure S2) indicate that the absorption of photons is
almost identical. This indicates a wavelength dependence of either
charge generation or collection efficiency.
The linear region in the J-V curve of the standard device, which
limits the FF and JSC of the solar cell, is characteristic of charge
transport that is limited by carrier diffusion in that voltage region25.
As these are relatively thick devices it is possible that a space-charge
induced neutral region is limiting the efficient extraction of charge
carriers. We utilised capacitance-voltage measurements in the dark
to determine the degree to which a depletion region is present in the
active layer. Capacitance-voltage measurements are an established
technique used to determine the doping density of a semi-
conductor6,19,29,38,41–43. The width of the space-charge region is probed
by a variation of the DC voltage and is detected by measuring the
capacitance of the device as a function of the DC voltage. The capa-
citance is proportional to (V-VBI)21/2. Thus, we analyzed the data
using the Mott-Schottky analysis leading to dopant densities of NA <
4 3 1016 cm23 of an excess of positive carriers in both devices (shown
in SI Fig S4)41. This is a relatively high dopant concentration and thus
space-charge effects will be playing a part in carrier extraction. The
capacitance voltage measurements are performed and analysed in
Figure 1 | PBDTTBTZT Structure.
Figure 2 | Corrected photocurrents for both the standard and inverted
PBDTTBTZT:PC71BM devices with active layer thicknesses of 330 nm,
measured to far reverse biases under 1 sun illumination. Inset shows the
power generating quadrant of the current density – voltage (J-V) curves
measured under 1 sun illumination for the same devices.
www.nature.com/scientificreports
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the dark under reverse and low forward bias. Under these conditions,
there are not many charge carriers injected into the device and no
excess carriers are created optically. Therefore build-up of space
charge due to asymmetric mobilities does not affect the capacitance
measurements and we can be sure that the Mott-Schottky type beha-
viour of the capacitance must be due to doping. Using equation 1 and
the depletion approximation, we calculate that the resulting deple-
tion region must extend approximately 100 nm from the cathode in
both devices (VBI 5 0.8 V, er 5 4.0). We validate this calculation by
comparing the results with a more complex drift-diffusion simu-
lation as published elsewhere44,45, described more fully in the sup-
porting information (Figure S5). We additionally note that the
electron and hole mobilities derived from the fitting of the drift-
diffusion model, are of the same order as those measured using
space-charge limited current by Muth et. al. on the same polymer
system40.
To understand how the reduced collection in the neutral zone
impacts the device performance it is essential to know where in the
active layer charges are being generated. Photon absorption within
thin multilayered structures such as organic solar cells is influenced
by interference effects and is not trivial to describe. In such struc-
tures, the spatially and spectrally resolved generation rate can be
calculated from the complex optical functions of the materials using
the transfer matrix method (TMM)46–48. In this work the complex
refractive index of the PBDTTBTZT:PC71BM blend was obtained
via spectroscopic ellipsometry (see experimental section and SI).
Figure 3 shows contour plots of the optical generation rate, or the
rate of exciton generation per unit thickness and wavelength, in the
active layer of both standard and inverted devices. The photon
absorption profiles are very similar in both device architectures,
and both the standard and the inverted device absorb the majority
of incident photons.
To understand the impact of the depletion region upon photo-
current generation we first approximate the band-diagram of the
device, shown in figure 4, as two distinct regions. The region on
the left of the figure is the neutral region of the device where charge
transport is via diffusion and charge collection is relatively inef-
ficient. While the right hand region represents the depletion region
with a constant electric field where charge collection is relatively
efficient25. We approximate charge collection as a step-function, with
0% collection in the neutral region and 100% collection in the deple-
tion region. We also assume short exciton diffusion lengths, thus
charges are generated very close to where the respective photon is
absorbed.
Applying this charge collection approximation to the photon
absorption profiles we can simulate the device EQEs. As can be seen
in figure 3, in both the standard and inverted devices the majority of
photo-absorption occurs within the first 100 nm of the active layer,
at least within the wavelength range of 350–600 nm where the
PBDTTBTZT:PC71BM blend absorbs strongly. However red light
of wavelength l < 650 nm is not absorbed strongly but penetrates
the device, reflecting from the metal electrode and forming interfer-
ence fringes. The EQE spectra reconstructed from the absorption
profiles and the simple collection model are shown as solid lines in
figure 3. Clearly for both devices the modelled EQE spectra are
similar to the experimentally measured ones, capturing the main
features in the spectra. In the inverted device most of the absorption
assigned to the main broad band of PBDTTBTZT:PC71BM blend
absorption (350–650 nm) occurs in the collection region, thus the
EQE of this device closely resembles the absorption spectrum. In the
Figure 3 | Top panels: Comparison of experimentally measured external quantum efficiency spectra (dotted lines) for inverted (left) and standard
(right) architecture PBDTTBTZT:PC71BM devices, with simulated EQE spectra (full lines) obtained using the simple model (see text). Bottom panels:
spectral charge generation rate as a function of depth calculated using a transfer matrix model of photon absorption. In this figure the light enters the
device from the bottom of the figure (0 nm on the y-axis). For each device architecture, the red block indicates the part of the active layer in which
generated charges can be collected at short circuit, according to the model used here. Only charges generated within these regions contribute to the
simulated EQE.
www.nature.com/scientificreports
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standard device, the majority of this strong photon absorption occurs
in the neutral region and therefore it doesn’t contribute to photo-
current. However absorption due to the interference peak around
650 nm does occur in the collection region, causing the EQE to peak
at 650 nm.
Equation 1 determines how the size of the depletion region varies
with voltage, showing that as a device is swept into reverse bias more
and more of the device will become depleted. Thus by integrating the
photon absorption in collection regions of varying size, and relating
that to the bias required to achieve that depletion region, a recreation
of the charge collection as a function of voltage can be performed; in
other words the J-V curve can be simulated. The results of these
simulations for the inverted and standard devices are shown in the
supporting information Figure S6, showing a remarkable similarity
with the fill factors and unusually shaped corrected photocurrent
curves shown in Figure 2. Additionally the total number of photons
absorbed in the inverted device is slightly higher than in the standard
architecture, consistent with the slightly higher corrected photo-
current observed in the inverted device under far reverse bias
(Figure 2) where the entire device will be depleted.
The agreement between the measured EQE spectra and our simple
model demonstrates that photocurrent generation is indeed limited
by the inability to collect charges from the neutral region. This also
explains the difference in the JSC between standard and inverted
devices. Furthermore, the similar open circuit voltage (VOC) values
for the standard and inverted devices can be explained by the fact that
under open-circuit conditions both devices are in effective flat-band
conditions and the differences in electric field distribution disappear.
Evidently device thickness strongly impacts charge collection, par-
ticularly when the device thickness extends beyond the depletion
region thickness. Several other additional factors affect the measured
photocurrent in addition to space-charge related collection issues,
such as the donor:acceptor blend morphology, the presence of direct
percolation pathways and the distribution of energetic trap states.
We now study the thickness dependence of charge collection on the
same polymer:fullerene system as above. The devices for this study
differ from the previous set only in the solvent used, which is ortho-
dichlorobenzene rather than chloroform as used above. We cannot
rule out any effect of solvent on charge collection via an effect on
blend microstructure. However, we show below that the thickness
dependence of PBDTTBTZT:PC71BM device performance can be
explained completely by space-charge effects using the same model
as above. Figure 5a shows the J-V characteristics of a series of stand-
ard architecture PBDTTBTZT:PC71BM devices fabricated from
ortho-dichlorobenzene solution with thicknesses from 80–400 nm.
Devices made using this solvent appear to have slightly higher effi-
ciencies (see table of device parameters in SI), thus the 310 nm thick
device performs slightly better than the standard architecture
330 nm device studied above. Whilst the VOC for these devices is
relatively constant with active layer thickness, and the fill factor is
reduced at higher thicknesses, the biggest limit to power conversion
efficiency in the thicker devices is their considerably reduced JSC49.
Due to interference effects, the number of photons absorbed as a
function of cell thickness increases monotonically, yet cannot be
described with a simple function50,51. The line in figure 5b shows
the thickness dependence of the total photon absorption within the
active layer in comparison with the measured JSC. The substantial
deviation between the potential JSC due to the simulated absorption
profiles and the actually measured JSC shows that additional loss
processes must reduce the short circuit current at high thicknesses.
This reduction in JSC is accompanied by a significant reduction and
wavelength shift in the simulated EQE of the devices as shown below.
The changes in photon absorption between devices of different
thicknesses are clearly shown in the contour plots of absorption in
the active layer shown in figure 6. We employ the same simple device
model as above assuming a depletion depth of 100 nm, and that all
charges resulting from photon absorption within this depth of the
cathode are collected, as shown by the red bars in Figure 6. We can
again predict the EQE spectra, and thus the short-circuit current
densities, and compare those to the experimentally measured EQE
spectra shown in Figure 7a. The thinnest device having an active layer
thickness of 80 nm is fully depleted and all photogenerated charges
are collected; the device with thickness of 130 nm will only be mar-
ginally affected. However, the thicker devices all see large changes in
charge collection as in the standard architecture only charges close to
the back contact are collected. Figure 7b shows the EQE spectra
predicted by the collection model from photon absorption profiles
shown in figure 6, where charge collection is limited to within
100 nm of the cathode. Again the simulated spectra closely match
the experimental EQE spectra and the trend in relative height of
absorption peaks as thickness increases. This demonstrates that this
model of collection can be successfully applied to optimised devices
and those with thinner active layers, as well as those where only a
portion of the thickness is depleted.
Whilst the EQE simulation for the thinner devices is very good, the
magnitude of the EQE spectra, and consequently the predicted JSC
calculated by integrating the EQE, are underestimated by the simple
collection model in the thicker devices. This shows that with thicker
active layers, the BHJs fabricated with oDCB collect charges more
efficiently, and that perhaps the improved performance of the oDCB
devices is due to increased charge collection from within the neutral
region of the device. Additionally it is possible that due to differences
in the imbalance between electron and hole mobilities, or the elec-
tronic doping concentration, the size of the depletion region in these
thick devices is different to that of devices fabricated with chlo-
roform, however in this case the shape of the EQE would be expected
to change, not just its magnitude.
Discussion
We have shown above that photocurrent generation in PBDTT-
BTZT:PCBM solar cells can be explained by a simple model of carrier
collection limited by the extent of the space charge region and its
position relative to the transparent electrode. Here, we address some
of the assumptions underlying this simple model and the possible
Figure 4 | A band diagram at short circuit in the dark, calculated from a
drift-diffusion simulation of a device with NA 5 4 3 1016 cm23. The
p-type doping causes non-uniform electric field within the active layer of a
thick device (red). The solid blue line indicates the simple step-function
charge collection function used in this model.
www.nature.com/scientificreports
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origin of the doping effect. The assumptions that we made during the
modelling of charge collection, i.e. separating the device into two
regions with 0% and 100% collection, are validated by the similarities
between the EQE spectra obtained using a numerical drift-diffusion
model (shown in SI) and those in figure 3. The drift-diffusion model
takes into account the precise form of the spatially varying electric
field and resulting variations in recombination caused by the varying
charge density in the device, and such a model gives very similar EQE
spectra to those calculated using the simple step-function model. As
with one-dimensional drift-diffusion modelling the simple collection
model described here doesn’t take into account the BHJ structure of
polymer:fullerene solar cells or differences in microstructure
throughout devices, however a close match with experimental results
is achieved with the use of no fitting parameters. We consider the
close agreement between the experimental data, the results of the
simple model and the results of complex numerical simulations to
serve as a verification of the use of the simple model in understanding
the effects of doping upon charge collection.
The dopant concentration (,4 3 1016 cm23) measured in these
devices is relatively high, affecting the collection of charges in devices
that are made thick enough to absorb at the second absorption max-
imum. Consequently the doping of the active layer prevents devices
fabricated from a blend of PBDTTBTZT:PC71BM from reaching the
maximum obtainable JSC. Were the dopant density to be an order of
magnitude lower, the depletion region would more than triple in
width according to Eq. (1). Therefore the electric field would be
Figure 5 | (a) J-V curves for six standard architecture PBDTTBTZT:PC71BM devices with different active layer thicknesses, measured under 1 sun
illumination and (b) a plot showing the variation with active layer thicknesses of photon absorption from transfer matrix modelling (line) and short
circuit current density from experiments (points).
Figure 6 | Contour plots showing the photon absorption (or charge generation) rates throughout the active layer of the six different standard
architecture PBDTTBTZT:PC71BM devices (thicknesses of 80, 130, 180, 200, 310 & 400 nm). The red bar alongside each one indicates the width of the
depletion region (100 nm) from the cathode in which charges can be efficiently collected.
www.nature.com/scientificreports
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uniformly distributed even in a device with an active layer thickness
greater than 300 nm. Figure 5 indicates that were the charge collec-
tion in the 400 nm thick device efficient throughout the device then
the JSC could be a significant 20% higher than the actual maximum
JSC measured in the 210 nm thick device. This clearly neglects the
other factors affecting collection such as changes in mobility and
charge carrier lifetime, however it indicates the advantages of redu-
cing dopant density. Given the importance of device thickness in
optimising photocurrent generation, this indicates that material dop-
ing may be a critical, but hitherto largely unconsidered, parameter in
achieving efficient OPV device performance.
Currently the cause of electronic doping of the active layer is
unclear, although several potential candidates have been identified.
Unintended or incomplete synthetic products have been shown to
significantly reduce device efficiency and to be very difficult to
detect42,52. Whether these could dope a device depends on the specific
molecular properties. Additionally, synthetic routes for conjugated
polymers typically involve the use of metallic catalysts, which results
in low concentrations of metal atoms in the final synthetic product,
as methods for subsequently removing the catalyst are imperfect53,54.
Finally, the presence of unwanted oxygen, either in its diatomic or
radical state, has been shown to form trap states in the semi-
conductor density of states of the blend55–57, thus altering device
performance. It has been suggested that this could additionally elec-
tronically dope the blend material12,14,16,58. Evidently there are uncer-
tainties around the actual cause of the electronic doping, however we
have shown here that this is a significant effect that must be consid-
ered and should be the subject of further study. Additionally evidence
would suggest that almost all organic semiconductors are doped to a
certain extent making a true comparison of doped vs. undoped
devices impossible.
We propose a model consisting of consideration of the depletion
region width, and then a simple step-function collection model with
collection probabilities of 100% and 0% to explain device perform-
ance for a solar cell with space-charge effects resulting from mod-
erate electronic doping, although this could apply equally well to
devices limited by unequal charge mobilities. Furthermore we pro-
pose that large discrepancies in the EQE of devices fabricated with
the same blend but in inverted and standard architectures are indi-
cators that the device is being limited by poor charge collection
caused by non-uniform electric fields in the device. As long as the
dopant concentration is known this simple model can be applied to
understand the charge collection losses limiting the device operation.
To conclude, we have shown in this paper that non-uniform elec-
tric fields caused by space-charge accumulation can cause significant
collection losses in organic solar cells, changing the EQE of the device
and severely limiting the device JSC. This field non-uniformity
accounts for the large discrepancy between the performance of
standard and inverted devices with the same thickness and for the
evident charge collection losses and low Jscs in thick devices.
Methods
Solar cell devices were fabricated in both standard (ITO/PEDOT:PSS/
PBDTTBTZT:PC71BM/Ca/Al) and inverted (ITO/ZnO/PBDTTBTZT:PC71BM/
PEDOT:PSS/Ag) architectures, as described by Muth et. al40. Briefly, these were made
by blade-coating a PBDTTBTZT:PC71BM solution in CHCl3, this technique allows
for greater control of the active layer thickness than spin-coating and these devices
were intentionally fabricated with thick active layers of 330 nm in both devices.
Another series of PBDTTBTZT:PC71BM devices were fabricated, this time blade
coated from a dichlorobenzene (oDCB) solution, at six different thicknesses; 80, 130,
180, 210, 310 and 400 nm thick active layers. These devices were in the standard
architecture thus the layer stack was ITO/PEDOT:PSS/PBDTTBTZT:PC71BM/Ca/
Al. Information of spectroscopic ellipsometry can be found in the supporting
information.
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